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A b s t r a c t .

h~ultiwavclcngtl)  lidar II]cas[l]cll]c])tsof  stratospheric aerosols

])crforIncd  at the Arctic NI)SC station 011 SpitsbcrgcIl  during

wil]tcr 1992 /93  arc a]lalyxcxl. Altitlldc  ])rof)lcs  of ])articlc ]ncdia]l

radius al]d voluInc  dc~]sity arc derived for ]ncasurclnc]lts  with

acroso]  dcpolarizatio~)  smal le r  t}]a]l 0.01. IIclow  all a l t i t u d e

corrcspo]ldil]g  to 450 K potc]]tial  tcm])craturc  tllc l’i]latubo  a.crosol

l a y e r  doIninatcd  tlIc  stratosp})cric  acroso]  corltcllt  with volulnc

dc])sitics  of ]norc tha])  10 i~In3/CIn3 wllcrcas  ahovc 450 1< volume

dc]]sitics  were CIOSC to background values of 0.1 ~~]n3/c~n3. 1 Iowcvcr,

at all altitude ICWCIS Lctwcc]l  350 al]d 550 K volume dcllsitics

co]lsislm]lt]y i])crcascd  by a factor of 2- 30 W}ICII tc]n})craturcs

a])])roacl]cd  {rl IC frost poirlt. ‘J’IIc obscrvatio]ls  arc coln])arccl  to

resul ts  froIn  thcrrnodynalnic  Inodcl  calcl]latio])s  at altitude ICVCIS

of 400, 440, al~d 480 K. Good agrcclncI)t bct~vc.ml the observed and

tllcorctical]y  derived tc]npcraturc  clcpcndc])cics  of volu]nc  dc]lsity

suggcs~s tl]at ty])c  lb polar stratos])llcric  clouds as wcl] as volcanic

acroso]s  at low tc]npcratures  arc com])oscd  of a tcrllary  liquid

solutio]l  of sulfuric a]ld I]itric  acid. At all altitude lCVCIS  mode l

rcsu]ts  i]l(lic.atcd ]norc tl~a]] 9070 llN03 gas pllasc  dc])lctio]l  a s

tc]n])craturcs  approac]lcd  the frc)st poi]lt,. A ]I]call  ])rofilc of total

112S04 vmr is derived dccrcasil]g  from about 4 pl)bv  at 350 K to

al)out 0.5 ppbv id)ow 450 1{,
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Introduction

l’olar stratospheric clouds (1’SCS) play a fullcla~nc]ltal  role iII Arctic arid Antarctjc

stratospheric chemistry. IIctcrogc])cous  reactions occurring  on 1’SC partic]c surfaces

act,ivatc  chlorillc  spccics  lcadillg  to catalytic OZO]IC  loss. ‘1’here arc two lnajor  types of

I’SCS [1’oolc  and A4cCoIw2ick, 1988; l~wu)cll  ci af., 1990; Ibon et af., 1990]: type 11 I’SCS

arc observed bc]ow  t,l)c frost poi]lt  and t}lou.g]lt  to bc water icc clouds, whi]c  type 1 1’SCS

arc observed to exist at tclnpcrat,urcs  5 7 K above tlic frost IJoir]t,  ‘1’hc co]nj)osition

slid  l)}lasc of t,ypc I I’SCS is still u~]ccrtai]) [I)yc et aj., 1992]. llccc~)t  analyses of 1;1{-2

j]l-situ  lncasurclncl)ts  by Carslaw cl al. [ ]  994] al]d l)rdla cl. al. [1 994] il]dicatc  that

SOIIIC of t}Ic observed t,y])c 1 I’SCS WCYC ]lc)t  co]nl)oscd  of IIitric  acid tri}]ydratc  (N Arl’)

but of a ternary liquid solution of IIZS04,  11N03,  a~ld 1120. l’urtllcrmorc,  laboratory

II IcasurcIIIcIIts  IIavc SIIOWII that aq~lcous solutiol)s  of sulfuric  and IIit,ric  acjd arc ulllikcly

to frcczc uIIdcr  strat,osl)hcric collc]itiol)s for tc]npcraturcs  above tllc frost ~)oillt  [Koop

ci al., 1995]. ‘J’}lcrl~lc)dyllal~lic  mode] calculatjolls  SIIOW that  water and nitric acid arc

t,akcl] up by L}}C sulfuric acid aerosol if tcn Ipcraturcs al)})roac}l  tllc frost point tllcrcby

clla~lgillg  its colnposition  fro]n  binary ]]2S 0 4/]]2. ” drol)lcts to tcrllary  solutioll  particles

wit}l  112S04 weight pcrcc]lt,agc  of less t}lall 5(% [(;arslau) cf al., 1994 ;  7bhazadel~  et al.,

199’4].

Dyc ci al. [1 992] have allalyzcd tllc  growt]l  of stratosl)llcric  sulfuric acid aerosols

usi]]g 1;1{-2 ill-situ lncasurclnc~lts  during backgroul]d  collclitiolls  ill January 1 9 8 9 .  A t

al t i tudes bctwccl)  440 and 460 1< tlIcy  found a 50 fold illcrcasc ill tl)c particle volu]nc

dclJsity  duc to IIN03 u])takc as tc]nl)craturcs  a])])roacllcd  tllc frost poill~. For al~othcr

131{-2  fligl]t ill 1992 Ybon ci al. [1 993] IIavc at t r ibuted tllc  observed gas pliasc dcp]ctio]l

of IIN03 LO Upt,akc i]]to volcallic  }]2S 0 4/]]2. ” aCIOSOIS. III this paper wc discuss the

L(!lnl)craturc  dcpc]lclc]lcc  of partic]c volulnc  dclisitics  ill tllc ~)rcsc]lcc  of volcanic  aerosols

a]ld dircct]y  compare t}lis  wjtll  tllc  observed aerosol growt]]  at IIigllcr,  volcanical ly

ullpcrturhcd  altitudes. ‘1’llc volcanic sulfuric acid acroso]s  arc duc to tl]c  cru])tioll
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of the l’hilippinc  volcano Mt. }’il)atubo  ill Ju]]c  1991 [J4cCormick  and  Vciga, 1992].

our analysis js based on liclar lncasurmnmlts  of volcalljc  aerosols aTld I’SCS rccordcd

durjllg  willtcr 1992/93 at the Arctic NI)SC (Network for the ])ctcctjon  of Stratospheric

Cllal]gc)  statiol)  (Koldcwcy statio~l)  i~] Ny-~lcsund,  Spitshcrgc]l  (79°N, 12°1t)  [Bcycrlc

c1 al., 1994].

After a brief description of the lncasurclllcllt  we discuss tlm dcrivatjoll  of backscattcr

cocflicicnts a~ld size distributio:ls  froln  t,}le.  lidar data.  I)UC to tbc lower  spa t i a l  and

~cln})oral resolution of our rclnotc  scllsi]lg  data colnl)arcd to ill-situ  IncasurcmcI~ts  wc

usc a statistical approac]l ill order to clcrivc tllc tclnljcraturc  dcpclldcmcc  of  volume

dcllsity  of strat,ospl]cric  tcrllary  sollltioll  (S’1’S) particlm  frmn  obscrvatio]ls  rcc.ordcd  over

a ])criod  of two  InoIItl  Is ill willtcr 1992 /93 .  lrillally  t,l]c rcsu]ts  arc coInJ~arcd to S’l lS

II]odcl calculatio~ls.

Instrumentation and data reduction

h4ultiwavclcllgtli  lidar obscrvatiol)s  of stratos])l]cric  acroso]s  have bccll  pe r fo rmed

at l{oldcwey  station siIlcc NovcInl)cr  1 9 9 1 . IIuril]g  tlIc willtcr 1992/93  t}lc  a e r o s o l

lidar systcln  operated at tllrcc wavclcllgt}ls: the Ral]lal]  shifted wavclcl}gth  of a XCC1

Excilncr laser (353 ~]m) and the fu~lda~nc]ltal a~ld first IIarlno]lic  of a NcI:YAG laser

(1064 al]d 532 )ITn). ‘1’IIc laser ~)ulsc  rcl)cl,itioll  frcqucl]cy was 30 IIz with UV- arid

V] S/l 1{- cball~lcls trjggcrcd  altcrllatcly  i]) order to rcducc cross-talk hctwcc~] dctcctio~l

c.llall Ilcls. Additiol)ally,  VOIUIIIC clcpo]arizatioll  at 532 IIIn was rccorclcd.  Saturatio~l  of

tlIc IJllotodctcctors  by illtcl)sc  sigl)als  backscaltcrcd  froln  t}lc  trol)osl)llcrc  was ~)rcvcIItcd

by II ICaIIS of a ]]lcclla]lical  slIuttcr (cIIo])]KY),  ‘J’}Ic  altitude ra]lgc  bctwccnl  tllc trol)opausc

(ty])ically bctwcc]l  8 al)cl 10 kln at Spitsbcr.gcll)  and abou t  40 kln was COVCICCI  w i t h

a spatial resolution of 200 In. Yor data al]alysis  signal counts  were integrated over

40,000 laser pu]scs  rcsulti]lg  ill a temporal rcsolutioll  of 22 lnill. lllstrutnclltal  details arc

dcscribcd  by Ncubcr ci al. [19!32] and Bcyc?lc  o!zd ArCUlJCr [1994].
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Der iva t ion  o f  backscatter  cocfiicie~lts

‘lllIC part icle backscattcr  cocffic,icxlt  /3A as a. functiol]  of altiiudc  2 i s  clcrivccl

usil]g  Klctt’s algorit,l]ln  with  co~]sta.~lt  ratios o f  cxtillctio]l  to backscattcr  cocfficicnt,

l,(z) == aA(z)//3A(z) [Kletl,  1985]. l)uTiIIg the winier 1992/93 the liclar systan  was

not yet  equipped wit}l a Ralnal) detection  clla~l~lcl  al]d t}lcrcforc  t}lc value of t}lc lidar

ratio  1, =- 30, 40 and 60 sr + 50% at 353, 532 al]d 1064 nm, rcspcctivcly,  is taken froln

tllc literature [Jtigcr  and llofIna?LIt, ] 991; y~LO?//(lSO?L  and (kbO?’?2, 1992]. ]’10fi]CS of thC

II]olccular  backscattm cocfficic~]t  ~]~(z) arc calculated froln  tclnl~craturc  and p ressu re

l~rofi)cs  obtaillcd  fro]n d a i l y  acrological  sound  i]lgs at l{oldcwcy  station.  ‘1’}lc so]ldcs

usual ly rcacl]cd  altitudes of Inorc  tllall  30 kl{l. As JIO aerosols were observed above

25 k]n data from mode] atmospheres am I1OL rcqui  rcd, ]~1~ dctcl.,ni*lc  t}lc  ~o,lsta*lt  o f

intcgratiol]  ill Klctt’s algoritll]n  by imlmsil)g  /3 A(z~) =- O ]n-]sr-]  ill t he  l eas t  squa re

SCIISC for all altitude levels  .zi bctwmvl  25 k]]) and  tl)c  ul)})cr  c])d of tllc obscrvcc]  dcllsity

l)rofilc  [Klcii,  1 985]. ‘1’l]c statistical variations of t}]c II]casumd  sigjlal couJIts,  wl]icll  arc

assu]])cd  to follow Poissol]  statistics, al)d tl]c  uncertainty  of the dcllsity  ])rofilc rcprcscvlt

tllc dolnillatil]g  contributions  to tllc error of PA(2).  ‘1’ypically,  the relat ive errors of

DA(z, ~ = 353, 532 nln) arc 5 10% al]cl for ~A(2,  ~ = ]064 IIIn) arc 20- 30% at a]titudcs

bc!twccII 10 and 20 k]n.

IIcrivation  of size distr ibutions

l’ro]n the! wavclcllgtll  dcl)cIIdcIIcc  o f  tlIc l)articlc backscattcr  cocfficicllts  ~A(&)

(A1 =- 353 ])]],, AZ =- 532 ,)m, and A3 L 1064 II In) illfor]llatio]k  o]l tl)c  part icle s ize

A  = ],/3A arc IIot takc~l i n t odistribution) is cxtractcd. ‘1’lIc c!xtil]ctioll cocl  Lcicllts  cl

accou]It  Lccausc of tllc large systclnatic  ullcx’rtaillty  of LIIC lidar ratio  1,. Our proccdurc

js based o]] algor;tlllns  dcscribcd  by IMrscn [1 992] and Bcycrlc ct al. [1 994]. As the

IIlcasurclllcl]ts  provide oltly tllmc l)icccs of ill forlrlatio]l  01] tllc actual size distribution

wc restrict tllc IIuInbcr  of possible solutjo]ls  of t}Ic~  j]lvcrsio~l  pIoblcIn  by impos;ng  t}]c
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followil)g  collstraillts:

1. ‘1’hc aerosol size clistributioll  is assu]]]cc] to Lc a ~no~lolnoclal logl]orlnal  distributio~l

[1’innick  et al., 1 976]

(1)

whfmc AfA, F aljd s

gcmnctric standard

dcllotc  the IJarticlc ]IuTnbcr  dcllsity,  the mccliall  radius and LIIC

dcviatio)],  rcspcctivc]y.

2. ‘1’lIc partic]c  ]lu]nbc]  dcrlsity  is co~]stallt, hfA = 15 CIn-3.

3. ‘1’IIc partic]cs  arc coInposccl of a~i aqllcous  solution  of IIitric and su]furic  acid ill

tllcrlnodynamic  cquilibriuln  wi th  allll)icllt  llN03 a]td IIzo val)or.

‘J’l)c  v a l i d i t y  o f  t}Ic first  a])d sccoIId assu]n])t,io]l is substa]ltiatcd  by ill-situ

]I]casurc)nc])ts  of tllc aged l’i])atubo  acrc)so]  by l)csldcr  [1 994].  IIis  ]ncasurc]ncnts

duri]lg Ja.Ill]ii]y/l~cb]”l]aIy 1992 SIIOW tlIat {IIC actual  s ize distributio]l  is rcasollably  WCI1

al)l)roximatcd  by Rq. 1. Furt}]crlnorc,  colldcllsatioll  I)uclci )Iulnbcr  dcllsitics ill t h e

a l t i t u d e  rallgc 10 30 kln valy olily bctwccl)  5 al]d 50 c]n” 3. As will hc discussed later

tllc clcrivcd vo lume  dcllsjtics dcpcrld  o]lly lvcak]y  o]t tllc  sclcctcd value of AfA l)roviclcd

“5NA5 CII]–J s 50 cln-3. ‘1’lIc t h i rd  assu]llJ)tioll  jll)l)lics a llo]nogcl]cous  partic]c

comJ}ositjo]l  al]d a sp}]crjca] J~artjclc sl]al)c. ‘J’l)crcforc,  Mjc  scattcrjllg  tllcory  call bc used

for tllc size distrjbutiol]  calculatjol). ‘1’lIc assulnptiol)  js justified by obscrvatjo~lal  and

tlicorctica]  rcsu]ts  [e.g. l~rdlu  ci a/., 1994 ;  (Jamlau) c1 al., 1994] J)rovjdcd  t}]crc arc no

ral)id  Lcln])craturc fluctuations wllicd) could J(:ad  to stIoIIgly  ])crturbcd ])oll-c(l~]ili})]’i~ll]~

coll)])osjtjo]ls  [Alcili?2gc7  ct al., 1 995].

IIowcvcr,  our dcJ)olarizatiol)  lncasurc]ncllts  jlldicatc  that  a collsidcrab]c  f rac t ion

of tlIc  obse rved  acmsols were l]on-spl]crjcal  [l~cycrlc cf [11., 1994].  ‘1’llcrcforc,  all

~l)casurclnellts  wjtl] acroso]  dcl)o]arizatjoll  ($* E. ~~/~f iargcr  t}lall 0 . 0 1  a r c  cxcludcd

fro]]] the following analysis. 1 ICIC, Pf (80 dcIIotcs  t}lc  aerosol backscattcr  coefficient
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d e r i v e d  froln  the cross-polarizatiml  (aligllcd-l)olarizatiorl)  clctcction  c h a n n e l .  W e

IIok ~}lat duc to llorlna]i~ation  uncc~tai]l~i~s  6A is afrcctcd by a  sys~cmatjc  Crror o f

about  50Y0. The cxcluclcd  data rcprcscl]t  32% of all rncasurcmcnts  with backscattcx

ratio 1? == /3A/@~  + 1 at 532 nm la.rgcr tliall  1.1.

‘1’hc size distributio)l  paralnctcrs  7 arid s arc dctcrn~i~lcd  by  comparing the lncasurcd

backscattcr  cocfJicicllts  with rcsu]ts  froln  Mic scattcri~lg  calculat ions.  ‘1’hc rncdiarl

radius F and gcolnct,ric  s tandard clcviatio]l  s Hrc fou~ld  by lnil]imizing

(2)

for every lncasurcmcllt  /3A(&, z, i) at altitude z and tilnc t. 1  Icrc, a# clcnotcs ~hc e r r o r

of flA(Ai, 2, i). “J’l]c calculated backscattxx  cocffic,icl~ts L(A, m) arc given by

(3)

wllcrc Q6 is the Mic  backscattcrillg  cfficicnlcy  at wavclcllgth  A for a spherical ~)artic]c

wit}l  radius r and refractive illdcx  m. Q6 is calculated ~lulncrica]ly  [l~ohrcn  and  ]Itlflman,

1983].

A s  X2 dcpc))ds  llonlincar]y  o]] T and s wc dctcrn~illc  tl)c  global  millilnuln  of X2 b y

evaluating ]~q. 3 at 142 values  of T ra.l~gillg  fro]n  ().()()5 pm to 5.() ~un wit}) logarithmic

steps of 1.05 al)d 39 values of s ral]gillg  froln  1.1 to 3 wit}) li)lcar  steps of 0.05. If LIIC

Jni~lilnuln lies on I,IJc border of l,}lc (F, s)-grid  (i.e. F == 0.005 ~in]  or F == 5 ~lIn or s == 1.1

or s = 3) t}lc  result is rcjcctcd.

‘J’l]c  proccc]urc  is rcpcat,cd  N :. 50 til]~m Yvl]crc tllc lncasurcd @A(Ai,  z, t) arc rc~)laccd

by ~A(Ai, .z, i) +- A/7~ giving a set of N solutioTIs  Fj, sj, j =- 1,, , ., N. A~~ is a Gaussial)

dis tr ibuted rarldom va]uc  Wit}l standard dcviaiioll  equal  to t]lc  ]Jlcasurcmcllt  errors CT@A.

‘J’]Ic  filial values F and s arc thcll  obtainccl  as gco]nctric  ~ncalls of Fj a?]cl sj. ‘J’hc volu~nc

dc~lsity V is calcu]atcd  froJn hfA,  ‘“7, al)d s accord  ill.g to i,l)c llatch-Choatc  cquatio~l

v =“ ;.TNA r3 m]) (: “’2(L0 ~ (4)
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The covariallcc ]natrix  Cov(Fj,  sj) proviclcs  information on the errors of F and s, their

corrclatiol],  arlcl 01] the error of V.

1]) o r d e r  to test the illflucl]cc  of kcc})illg  tllc v a l u e  o f  AfA at 1 5  c m- 3  tbc

c a l c u l a t i o n ]  w a s  repeated  wit]) AfA = 5 CIn--3  and  50 C] II-3. OJ] the basis  of all

302 profiles tllc ratios of volulne  dcl)sit,ics V(JVA L 5 C]II ‘3)/Y(~A =- 15 C] I]- 3, and

V(A~A = 50 cm-3) /V(AfA == 15 cln-3)  arc foullcl to be  0 .96  and  1,11 with sta~]dard

dcviatio~ls  of 0.24 a]ld 0.39, rcspcctivc]y. As tllc rc]ativc  error of V is o]) average 50%

choosing AfA within  the rallgc 5 to 50 CIn-3 does  not seem to change the derived volume

dcllsitics sigllificalltly.  ‘J’llis result is ill accorda  TIcc with tllcorctical  co]lsidcratiolls  [e.g.

llcinizc~~hcrg cl al., 1 981; 7’ltOTrlalla  atid Qvcmcl, 1 982].

Refrac t ive  index

l)crivatiol)  of F aj]d s 011 t}Ic basis  of ltqs.  2 allcl  3 requires kllowlcdgc  of t})c refractive

illclcx m of S’1’S particles wllicll dcpc]tds  o]] tllc  112S04 al]cl IIN03 wcigllt  ~Jcrcelltagcs,

ws and ~UN. ‘1’o l,})c best of  our knowledge ]1o data o]) the wavc]cngt})  and I,cmpcraturc

dc})~]ld~llcc  of ?ll as a fullct’ioll  of Ifls and tllN, arc currc]lt]y  available.  ‘1’}lcrcforc,

( , us,  wjv) is calculated based on t}Ic 1 ,orclltz-l,orcnz  rc]ation  for the tlcrrtaryl-n A,7’ t

so]utioll.  ])ctai]s o f  the  de r iva t ion  wi]] bc l)uh]is]lcd  c]scw}lcrc  (11. ]Juo, lnarluscript  ill

IJrcl)aratioll).  III tl)c  following all alt,itudc illclc~)clldclit  1120 vlnr of 5 ppmv [Ouaricz  and

Ova?lcz,  1994] and all IIN03 vlnr I)rofilc })caki]lg  at 10 ])I)lJv  derived from I,IMS  data is

USCd [ ~~iffc and  ]? USSdl, ] 984].

A s  tllc! total 112S04 vlnr allcl,  tl]crcforc, ws al)d ?[lN arc Ilot kllowll a -p r io r i ,  all

iterative ~)roccdure  is used. (Wc dcfi]lc total v]l)r as tlic vo]u]nc  lnixillg  ratio that  would

be observed if all molecules ill t}]c liquid pl]asc  were prcscl)t i]] the gas phase. ) lrirst,

l)rclilllillary volulnc  dcllsitics ~ arc derived using all a~)proximatccl  refractive illclcx ?71.

As will bc discussed later colnl)ariso)l  of ~ with  S’1’S IIIOCICI results l)roviclcs all estimate

Of total ]IzS04  vl”nr. lrilla]]y  U).~, IUN’, a n d  ?Il arc C)btaillcd  fl’onl ~hc S’]’S model a s  well
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as tl)c  l.orcntz-],orcnz  relation and the size clistribut,iol)  calculation is rcpcatccl with m.

‘1’hc approximated refractive illdex  ?fi is obtaillcd  ill the followillg  way. WC a s s u m e

that  the aerosols col]sist  of binary }12S04/1120°  solutio]l  ill equilibrium with arnbicni

w a t e r  val)or.  ‘1’cmlmraturc  and }]zo partial l)rcssurc dctcrlnillc  t}lc  112S04 w e i g h t

pcrccl]tage  [Steele  and llamill, 1 %S1; ltusscll  and }lamil~, 1984]. From laboratory data

by Palmer and Williams [1 975] the 112 S04/llz0  refractive illdcx  at the lidar wavclcllglhs

is calculated by inter- and cxtrapolatioli. Provided the molar rcfractiol] is independent

of temperature the refractive illdcx  can bc corrcctcd  for stratospheric ternpcraturcs  by

]I]calls of tllc l,orclltz-l  Jorcllz  rc]atioll

wllcrc p(~~)  dc]]otcs  tllc dcl)sity  at  laboratory tcmpcraturc  7~ == 300 1<, IIcr(!, ?k and m
. . –_– .-— .-. —-

arc assumed to be real  at tllc lidar wavclc]l~t]ls. I Figure 1. . L – —  -

WC IIotc tl]at usc of 772 illstcad of ~i~ lnodifics  the calculated vo]umc dcllsitics on

average  by a factor of 0.S7 4 0.2. l;vc]i if 171 ilistcad of m was used tllc co~lclusion

rcacllcd ill t}lis  IJapcr  would bc tl)c  sal}lc.

‘1’IIc tcmpcraturc  and wavclcllgtll  dcpcl]dcllcc of m is SIIOWJ]  ill Figure 1 (bottom)

using ]]2S 0 4, II N03, 1120 total vlnr of 0.5 l)~)bv, 10 ppbv and 5 ppmv, rcsl)cctivcly.

Atlllospllcric  pressure is take])  to bc 50 }11’a. ‘1’llc f rost  poil)t  allcl tllc NArl’ ccluilibrium

tcll~l)crature  are indicated by vertical arrows. ‘1’lIc NTArJ’ equilibrium tcnnpcraturc  is

ca lcu la ted  assumi]lg 5 ppmv 11 20 al]d aII II N():+ ])rofilc ]Jca.killg at 10 ppbv  as clcrivcd

f r o m  I,IMS  data [Gdlc  and liusscll, 1984 ;  IIanson and Maucmbcrgcr, 1988]. ‘1’hc

to]) d i a g r a m  il]dicatcs  the t,cmpcraturc dclmldc]]cc  of tllc 11ZS04 al}d IIN03 wcigllt

l)crcclltagcs.  ‘J’hc illcrcasc of WN and  dccrcasc  of U)S for tcmpcraturcs  falling below the

NArl’ cquilibriurn  tclnpcraturc  i s  caused  lJy ul)takc  of IIZO a~ld 11N03  [C;ardaw d a l . ,

1994].
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Results and Discussion

‘1’lIc polar vortex  of wiI]im  1992/93 was characterized by a stable, cold phase lasting

from  the cnd of Novc~nbcr  1992 to the cl}d of Jalluary  1993 [Naujokal  cl ai., 1 9 9 3 ] .

l)csl}itc  a tclnporary  vortex  split  at the clld of lkcclnbcr  1992  the vortex rclnaincd

stable leading to low stratosp]]cric  tcmpcratums  duri]lg  January.
[Figure 2

]{csu]ts  of t]lc  size distributio]l  ca]cu]ations  arc S} IOWII i]] Figures 2 and 3. l~jgure  2

gives L1)C temporal dcvclop~ncllt  of mcdiall partic]c radius as a function of altitude.

IIctwcc]]  the tropopausc  (Inarkcd  as dashed line) and about 450 K potential tanpcraturc

wc observed the l’illatubo  aerosol layer with lncdia~l radii cxcccdillg 0.3 pm. Above

450 K tl)c  tmnporal  variability of i jncrcascs  sigllifica~ltly. ‘1’lIc average relative error of

i js ill tlIc  o rde r  o f  (iOYO. Si]nilarly,  IJigum  3 SIIOWS  tllc lmnpora]  dcvclop~ncIlt  o f  t he

volu Inc dc]lsity  as a fu]]ctio]l  of altitude. Witllill  tllc layer of volca]]ic  acroso]s  vo lume

clc]lsjtics  of more than 10 pIn3/Cn13  arc fou]ld. ‘1’lIc relative cmors  of V vary Mwccn

30 al~d 50Y0. We Ilotc  that  at IIigllcr  altitudes aroullcl 480 K VOIUIIIC  dcvlsitics  alq}roac}l

al Inost  tl]c  backgroul)d  value of 0.1 j~In3/CIn3 [l~yc C{ irl,, 1992].  IJor tlIc  grapllic.al

rcprcsclltatio]l  i~~ l’igurcs 2 arid 3 the data sets have bccII interpolated ill time using

Gaussian wcip;hts  with a standard  deviation  of” OIIC day. White areas indicate that  either

lidar data is not available or va]ucs  of F allcl  s callllot  bc derived or 6A cxcccds 0.01. L--------- ----Figure 3.

A s  call bc SCCII  froln  lrigurc  3 volume dmlsjty  V SIIOWS  a stro]lg  t,c]nporal  va r i ab i l i t y  Figure 4.
r  - - - - - - - - -

above 450 1{ duri]lg  Jal]uary 1993. Colll])tirisoll  wit]] tclnl)craturc  data obtail]cd

from ol]-site ballool)  soundings  (Figure 4) reveals that V illcrcascs significantly as 1’

apl)roac}les  tllc frost poil]i  at all altitude ]cvcls bctwce]l  350 and 550 K. IIclow  450 K

tllc cllllar]cc~ncllts  arc ill tl)c  order of a f~ctor of two, above 450 K volume chal)gcs  by

OIIC order of II lagl)itudc  arc observed. r ‘ JFigure 5T.. ———  ———

‘J’l]c tc~npcraturc dcl)clldcncc of V at tl~rcc altitude levels is SIIOWI1 in k’igurcs 5, 6, [  ‘ “ : : . 1Figure 6.

[..:”:3
a]]d 7. ‘J’hc data poi])ts  in the top diagra]ns  of each fi.gurc give geometric means V(7’)  of ~~gure 7

i]ldiviclual  ]ncasurcmcnts  V(7’) at altitudes of 400, 440 and 480 1{, respectively. While
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tllc layer arcm~ld  440 K ;s stroJIgly  i] IflucI)ccfl  by the volcal)ic  ammo] with cnhanccd

volu]nc densities (about  2 pn13/cn13),  at 480 K backgrou?id  collditio~ls  prcvai]  (about

0.1 pn13/cn13)  and ol)ly very low tcmpcratums  lead to the dramatically illcrcascd volume

dcllsitics (up to 30 pIn3/CJn3)  il~ the COUMC of tyl)c  lb 1’SC fo rmat ion .

‘1’IIc geometric mean of V(7’) is formed over all data wit})  ill t}lc tclnpcraturc  illtcrval

[7’, 7’ -i A7’] (A7’  = 0.5 K) a,,d a,, altitude il,tcrval of 4-10 K. l’or each lncan va lue

a pair of error bars arc prcscntcd. ‘J’hc left OIICS &ivcs” ~llc sta~ldard  deviation of the

lncasurcmc)]ts  and the rig}lt ones the avclagc  error of the individual mcasurcrncnts.

Vertical arrows indicate the NArl’ cquilibriunl  t,clnpcraturc al]d tllc frost po;nt.  (11)  the

following the NArl’ equilibrium and frost ~miitt tclnpcraturc  arc solely used as rcfcrcncc

Va] U(!S . )

Wc IIotc that  V’(7’) is calculated o]l tlic  l)asis of 1034 (458, 1 99) lncasurcmcnts  with

6A <0.01 from a total acroso]  data set of 1551 (1 092, 508) mcasurclncnts  at 400 K

(440 K, 480 K) rccordcd over a two moJttlIc period. in calculati~)g  the means over data

at  constant  potent ial  tclnpcraturc  wc ilnplicit]y  assulnc  that total ]]2S04  and 11N03

vjnr were consta]lt within isc]ltro})ic  layers clurillg  ])ccc]nbcr  1992 a]]d  January 1993.

‘1’llis  assulnptio]l  is oIIly partially fulfi]lccl  as is il]dicat,cd  in l’igurc  7 by clll)arlccd

wducs  of V at tcmpcraturcs  above 205 1{. ‘1’}IOSC  data sets were rccordcd  on l)ccc]nbcr

24/25 and 31. ‘J’rajcctory  allalyscs  at 4751< illdicatc  t}lat duril)g  these days air from

lower ]atituclcs were observed above S~)itsl)cl  gclI. Wit}lill tlIc  polar vortex subsidence j]]

colnbillatiol]  with the vertical gradicllt  of total ]]2S04 vlnr zs (cf. l’igurc  8) leads to a

rcductioJl  of TS whereas 011 these particular days out-of-vortex air led to cnl)anccd values

of xs allcl  tl)crcforc  larger volume dcllsitics were observed. Furtllcrlnorc,  wc assume

that cliabatic  vertical transport over Inorc  tllall  ilIc width of t})c clloscn  altitude illi,crval

(20 1{) call bc IIcglcctcd  duril)g  tllc  mcasurc]nm)t  period.

At all tllrcc altitude ICVCIS  1~ jncrcascs  sigl)ificalltly  as tcmpcraturcs  approach the

frost point. Wc compare our obscrvat;ol)s  wit]) rcsulls froln  thmmodynamic  mode l
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calculations whicl] arc in good agrccmcnt with avajlablc laboratory data [Camlaw  CL al.,

1994]. ‘J’IIc ST’S model predicts a coIItiI~uous  incrcasc  iI) particle volume as tcmpcraturcs

fall below the NAT cqujljbrium  tcmpcraturc. ‘1’I]c volume itlcrcasc is caused by the

uptake  of 1120 and lIN03 jllto  the liquid amosol  duc to the cnballccd  solubjljty  of these

gases at low tcrnpcraturcs. ‘1’hc a~]alytjc.  expressions givcrl by Carslaw et al. [1 9 9 5 ]

w]ljcll  rcprcscllt  a simplified  formulation of t,llc thmvnodynamic  STS model arc used here

to dctcrmjnc  particle vo]umc a]lcl  coml}ositioll. ‘1’hc lnodc]  yields partic]c  composition

ill terms of t}lc ]12S04 and IIN03 wcig}lt  ~mlcclltagcs  a~id the vo]umc densi ty as  a

function  of tcmpcraturc,  atmosplmric pressure , alnbi  CIJt 1120 Vlllr  al~d ]]2,Sod/]]N@

lno]ar  col~ccl~tratiol-ls.  Mass collscrvatiol]  of IIN03 is takcll into  accou]lt.

‘J’l]c  ~nodc] resul ts  arc ,gjvc]l as solid li]lc ill tllc to]) dia,gra]ns  of Pigurcs  5, 6, a n t ]

7. ‘1’eta] 11ZS04 vrnr is dctcrmincd  wit]] a ]cast  square fit. ‘1’hc result for twice (half)

t}lc  alnou]tt,  of xs is SI1OWIJ  Ly t}lc  das}lcd ( d a s ] ) c d - d o t t e d )  lillc. Additjolla,]]Y,  t}lc

tclnpcraturc  dcpcndc~)ce  of 112S04 and 11N03 wcigllt  pcrcclltages  as derived frmn  tllc

S’1’S  lnodc]  is ])lottcd  i]) tlIc ccIItcr  diagra?l)s  of lrigurcs 5, 6, ant] 7, rcspcctivc]y,  ‘1’hc

bottom  diagra?ns  indicate tbc 11 N 03 gas pllasc dcl)lctjon  ill terms of the ratio of IIN03

vII]r and IIN03 total vmr.

‘1’hc good agrcclnellt  LCLWCCII  observed aIId calcu]atcd  vo]umc dcl]sjtics  at all three

., altitude levels suggests that tl)c  obscrvcc] aerosols bctwccll  350 a])d 550 K arc coInposcd
.<

of &, liquid tcr~]ary  solutions of sulfuric and ~litric acid. ‘J’} lcrcforc,  wc bclicvc tl~at

volcanic  acroscJs  at low tclmpcratures  al~d tylw 1 b PSC s} Iould bc consjdcrcd  to bclo?lg

to Ihc same class of stratospheric aerosols. The apparcllt  lack of a disconti~nlity  in

V(7’)  a t  t})c NArl’ cqui]ibrium  tcml)craturc  i~ldicatcs  that t}Ic colnpositiol]  o f  L}ICSC

low’-(lcl)olalizatioll  l)art,iclcs  is I]ot NA’1’. At all three altjtudc  levels collsidcrablc  IIN03

gas l)llasc  dcplctio]l  of ]norc than 90$10  sl)ould  acco]npany  particle growth at tcmpcraturcs

close to tllc frost poi]lt. ‘1’l~is  could liavc  considerable coI~scqucIIccs for t}]c formatiol)

~)robability  of NArl’ particles sil]cc tllc NArl’ cqllilibrium  tclnpcraturc  drops by 3.2 K
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if 10 ppbv  11 AT03 gas phase vInr at 50 h]}a altitude is reduced to 1 pl)bv  a s suming

5  pplnv  llzO [Ilanson and Mazfcrsbergcr, 1 988],

our cornparisol)  of observed and calculated aerosol vo]ulnc  dcrlsjtics  allows us to

cstilnatc all altjtudc profi]c  of total 112S04 v~l)r. IJor all a]titudc  lCVCIS bctwccn  350 and

500 K wjth a step size of 10 K wc fitted t))c total 112S04 v~nr for the calcu]atcd  VOIUJT]C

dclisitjcs to agree w;th the obscrviatiolls. ‘1’lIc result together w;th the value of X2 is

shown jn Fjgurc  8. ‘J’otal  112S04 volume lnixillg  rat;os dccrcasc  from 4 ppbv at 350 K to

ICSS than 0.5 ppbv  above 450 K. ‘1’}Ic low va]ucs  above about 450 K arc collsistcult  wjt}l

backgroul)d  ICVCIS  o f  stratosl~]lcric  acroso]s  [D?yc C{ al., 1992].

Conclusion

Arctic lidar lncasurclncl~ts  during  tl]c  vole.a~lical]y pcrturbccl  Wjlltcr 1992/93  arc

arlalyzcd. Volume dclls;tjcs of stratospheric aerosols wit?]  aerosol dcpolarizatiol}  ICSS

t])a~l  0.01 were found  to dccrcasc  from about 10 l~]n3/CJn3  at 350 K to ~lcar Background

values of 0.1 pln3/cm3  above 500 K poicntial  tcln]mraturco At all altitude ICVCIS  bctwccl]

350 a]ld 5.50 1{ a 2- to 30 fold ;I]crcasc  jll partic]c volume was observed as tcxnpcra.turcs

al)l)roacllcd  the frost poi~]t.

Tl]c  good  agrccmcnt hctwccn  observed al~d calcu]atcd  volume dcns;tjcs  leads us to

tllc fol]owillg  col]c]usions.

●  ‘J’l)c s~noot]l  dcpcIIdcIIcc  of V 0]1 tcllll)craturc  i n d i c a t e s  tl~at hot]]  tllc volcanic

su]furjc acjd  acroso]  a]ld t]lc  background sulfuric acroso]  were ))ot frozcll  but ;I1 the

l iquid stak. This result js collsjstcltt  wjth  lnodcl  calculatiol]s  [lJuo et al., 1 994].

● ‘J’IIC a])parc]]t  lack  of a sharp jllcrcasc jll V(l’) just bc]ow  tllc NTArl’  e q u i l i b r i u m

tcln])craturc  indicates that  t}ic  IJari,iclc colnl)ositioll  is IJOt NA’1’.

● Compa.r;sol]  bctwccll  observed voluJnc  dmlsitics  at all three altjtudc  ICVCIS  and

lnodcl rcsu]ts  suggests that tllc observed acroso]s  txtwccnl  350 aTld 550 K wjt}l



14

($A < ().()) arc ~ompod of a tcrllary  so]utiol~  of sulfuric  and ]Iitric acid.

●  CoIIsidcrablc  IIN03 gas phase  clcplctio]l of Inorc tllali  9 0 %  o c c u r s  at all t}lrcc

al t i tude lCVCIS for tcmpcraturcs  C1OSC  to t}lc  frost poi]lt  rcclucillg  the probability of

NAT partic]c formation.

]]owcvcr,  more than 3570 of the total acroso]  data SCt shows aerosol dcpo~ari~atio]l

of )norc t}lan 0.01 indicatil)g  the prcsc])cc  of non-spherical particles. The composition of

tl]csc  solid PSC type la particles is still  u~lclcar,
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l~igure  1.  Top: IIN03 and 11zS04 wcigl)t  ]mx:mltagcs  at 50 mbar ajtitudc  ( so l id  l i nes :

tcrllary, dasllcd  lillc: b i n a r y  SyStCII~). Assurncd  tots] vJnr  o f  ]]zIO, llN03 and ]] ’2S04

arc 5 ppmv, 10 p])bv  arid 0.5 ppbv,  rcspcctivcly. ‘1’lIc vertical arrows i]ldicatc  the NAT

cquilibriuln  tcmpcraturc  al]d frost  ]mil]t. 1 lot tom: t,cmpcral,urc!  dc}>cl~dcllcc  of refractive

jllclices  at 353, 532 ar~d 1064 IIm (solid: tmulary,  dashc!d:  binary).



.

20

--- II 1 I 10 Bllml 1111 I I EBlmm ml mlt ■ lmll ■

.
G
Q

time [days since 1.1 . 93]

Figur

tcml])c

‘c! 2. ‘J’cmpora] clcvclopmcIIt  o f  lnccliall radius F a s  a  functiol)  of  potcntia]

:raturc during  willtcr  1992/93. ? i s  sl)owll  ill ul)its  o f  HIn. ‘1’hc clasl]ccl  l i n e

gives tlIc Lropopausc  altitude. liars al)ovc tlIc fip;uIc  illdicat,c  l,lIc time of the i nd iv idua l

ll-Icasurm  IIcIlts. W]litc areas illdicatc  Lllat citlIc I lidar data is not available or values of P
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Figure 3. “1’cmporal clcvclopI  nm It of volu Inc dcllsity V a s  a  function  o f  polml]tial

Ixlnpcraturc  rlurillg  willtcr 1992/93.  V is SIIOWII i]] u])its of pII~3/CJ113.
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potxmtia]  tcmpcratum  durilg  wiIItcr  1992/93 derived from daily acrological  soundings

at Ny-~lcsund.  7’ ;s S} JOW]I in unii,s of K.
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}rigure  5. ‘j’cn~pcrat~lre  dc]jcIJdcIIcc of VO]UI1lC dmlsity  at the! 40( I K iscntropic  lCVCI (top).

IIN03 a]ld IIzo  vI13r arc assulncd to Iw 5.7 ]J})I>v  ( l , ]  MS)  allcl  5 ppIIlv,  rcspcxtivcly.  ‘1’hc

d a t a  poil]ts arc g e o m e t r i c  recall va]ucs of mcasuIcmcIIts rccordcd over a ])criod of  two

lnont]ls.  Mean atmospheric pressure is 91 4 11 h] ’a. Rcsulis  fro]n  S’1’S lnodc]  calculation)

arc SIIOWJI  as solid lillc where total ]]2S{)4 vlrll  of 2.3 ~)])bv is dcr;  vcd  froln  a least square

fit  h tlIc data. The dasllcd  (clashed-dotted) lillc gives tlic vo]umc dmlsity  for twice (half)

t,l)c an~ou]lt  of total ]]2 S 0 4  VII]]. Arrows ;Ildicatc tllc NArl’ cquilibr;um  tcmpcraturc  and

tJIc  frost point. ‘1’]lC  CCJltCJ” dia~laJ13  S]IOWS t]lc tCJIl]NJ’atUIT  dC~)CJI&JICC  Of IIN03 (daShCd

lillc)  and }12S04 (solid li]]c) wcigl]t  ])cIccIIta,gcs. ‘1’lIc 11N03 gas pl)asc  fract ion (IIN03

VJIII’/  llN03 tots] vJnr)  as a funct; oll of tcn]lx!ratllr(!  ;s givcll ;]] t}lc  bottom  d;agram.
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Figure 6. ‘1’hc same as Figure 5, l)owcvcr  for all altitude of 440 K potcl]tial  temperature.

IIN03 allcl  llzO vmr arc assllmcc] to bc 7.9 ])])I>v (l,lhIS)  a~ld 5 ppmv, rcspcct;vc]y.  Mca.1]

ai, Inos])l  Icric pressure is 63 :{ 7.9 Ill’a. ‘1’IIc  least square fit y;clds  a total IIzS04  Vmr of

0.69 p])bv.
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Figure. 7. ‘1’IIc salnc  as lrigurc  5, l]owcwcr  fcn al) altitude of 480 K potcl~tjal  tcmpcraturc.

11N03 allcl  IIzo vmr arc assulncx] to bc 9.6 pl)bv  (l,lh4S) and  5 I)pIIIV, rcspcctjvely.  hJcarl

atlnospl]cric  pressure is 43 + 6.6 Ill]a. ‘J’llc  IcaslJ  square fit yields a total  ]]2S04 Vlllr Of

0.22 ppbv.
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